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In 1969 Panyimand Chalkley(1969a)reportedthe observanaaof a ❑inor

histoneband whichmigrated betweenhistoneHI and histoneH4 in

one-dimensionalaoid-urea-pol~crylaside g~ls. The protein(or proteins)

which gave the oharaateristio●leotrophoetioband was extractableby both

perchloricand sulfuric●aids, ●nd, ❑ost interestingly,it was found only

in mmalian tissueswhioh proliferatedslowlyor not ●t all. Ihe miilo

aoid malysis of the protainisolatedfrm calf lung showed that it was

similarto histoneHI in that it waa highly lysine rioh ●nd that it did fiot

containtryptophanor o:=teine. In oontrastto HI, however,it did oontain

histidine,●nd its alaninecontent was muoh lower than that of histoneH1.

Since the reportof Panyim ●nd Chalkley(1969a)many workers have referred

to ●oid extraetedprcteinstiichmigrate like the oalf lung protainas

‘histoneHla” (Nersh●nd Fit~erald, 1973)or aa ‘Histone Hlow (CSrt@r ●nd

Qme, 1975).

Despitethe potentialtipmtanae of “histaneHIO,” QnlY s i’e~ studi-

of H1° appearedduring the 1970s,●nd those stuliesdealt prinwrilywith

the relativequantitiesof Hl” in proliferatinfiand nonproliferating

tissuesml oulturedsells. Hl” waa obsemed to decreeseduring

degenerationand regenerationof rat panareaafollowing●

sta~atian-ethionineregimen (Harshand Fitzgerald,1973, Varriaohio~

Q., 1977): Hl” deoreasedprlOr to DNA synthesis,and, follotingoeaaation

of DNA synthesis,it graduallyInaremsedto pretreatmentlevels. .4similtr

inverserelationshipbetween inoreaaedquantitiesof HI” ●nd DNA synthesis

waa observedduring developmentin rat panoreaa (Varrioahio,1977): Hl”

was undwtable in 15 day embryx: it inoreaaedto 5% of HI ●t 5 weeks: and

●t 8 weeks, it inoreaaedto 2’1%of hiataneH1. Inoraaad quantitiesof Ill”

●l= have been correlatedwith ontogenyin oertainr-t tissues(HedvadevQ
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a~., 1977)and in bovine liver (Piha and Valkmen, 1979). Although(1) the

quantityof Hl” appearsto inareaseas cells and tissues leave the

proliferatingstate,and (2) Lea et~. (1974) have observedan inverse

relationshipbetweenthe quantityof H1° ●nd growth rate in 4 rat

hopatomae,Harkm et al. (1975)have fomd that the ~olglt of Hl” varies

greatlyfim tissue-to-tissw and frau tissue-to-oellline. Home, in

general,there is no obvious relationshipbetwen the relativequantities

of Hl” ●nd growth rate between

lines.

In tiditlonto uhanges in

and Fitzgerald(1973)reported

differenttisauoaor differentoulturedoell

the relativesnout of histone HIO, Harsh

that rat pmnoreasH1° (Hla)incorporated

radioactiveaoetate,lyaine,phosphato,and nethionine;and Hadvalevet al.

(1977)stuwadthat mothionineis presoutin H1° fr~ rat liver and rat

spleen. me deteetionofmethionine in rat HIO, but not in oalf lag H1°

(Panylmand ~alkley, 1969M),raisal the possibilitythat rat H1° waa a

differentproteinfrom oalf lwg H1° or that the presenoeof methioninewas

variable.

lllusfar in 1980,&ith and Johns (1980)have reportadthe mzno said

malysis ●nd ompcsitiefiof tw H1° fraotiamsfraa bovine livar; Pehrson

and Cole (1980)have reportedthe isolation●nd unino said analysisof Ifl”

fraa mouse neuroblastma sells;●nd we (D~Annaot Q., 1980b)havo reported

the isolationof H1° (BEP) from oultured~ineso hamster (lino CHO) cells.

In CHO o-US, til”beoanosgreatlyenhanoadduring treatmentwith sodiwn

butyrate(D’A.nna●t ●l., 1980a). Besidesthesm reports,there is strong

~irouuatantlalwidenae that IP25,● proteinwhioh is enhanotiduring

ohemical-lndmeddifferentiationof Frienderythroleukemia

●l. 1977;Candidoet ●l. 1978),is relat~ to histoneH1°.—.
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In tll’.spaper w shal? describesome cf our resultsdealingwith the

induction,isolation, ccanposztion,and cell-cycl-ependent phosphorylation

of histone Hl” (BEP) ftom CHOa@lls. Whenever possible,we shall compare

our resultsuith the resultsof others,and we shall disouss potential

roles of histoneHld @nd Hl” phospkorylationin ahromatinstruotureand

funotion.

~ERIFIENTAL PROCEDUR&S

Cell Growth and Cell Synohrony.

Suspensionoulturesof CXinosehnmatersells (line CHO) ~re grown and

❑aintainedin suspensionculturesas previouslydescribed (DfAnna et al.,

1980ai,b).CHO cells for preparative isolationof hlstone HI were groun in

4 L suspensionoultures. UnphosphorylatedHl” was obtaind fiao aultures

treated with 10 mH sodha butyratefor

phoaphorylatedHl” was obtalnad frem 4

enriahed in metaphaaesells (D?AnnaQ

24 hr (DfAnna et al., 1980b),and

L suspensionculturessynchronously

Q., 1979). The mitotio fractionof

the metaphaae●nriohed,oulturea,detenuinedby phase contrastmioroscmpy,

was typiaally65-70%.

To detenuine●ffeots ef sodim butyrateupon oell nyole distribution

and Hl” oellularaontent,w treatd ex~nontially growingaultures (1.4x

105 OO1lS❑L-’) with variouaoonw!trations of butyrate. Aftmr 2Q hr, @ 4#

r 106 sells were removed for oell OYO1O anaLysisby flowoytanetry (FCM),

and * 1.6 x 108 aell~ we harveatadfor isolationof histories.

EXpariMentd proadures to synchronizeoella ●nd monitorH1° and :il

phoaphorylatlonad-ing ●ntry and ●xit of odls from mitosishave been

desoribedin detail .lse*ere (GurlQYet al., 1978a:D’Anna et ●l., 1980b)

and briefly in the taxt.
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To determineph~sphateincorporationinto Hl”, cultureswere grown for

severalgenerationsin the presenceof [H3] lysine (50 BCi/L). Then,

iuaueliatelybefore harvest,the cells were labeled for 1.0 hr uith H332POQ

(D’Anna et al., 1980a,b).——

Cell-CycloAnmlysis.

The distributionofeells in the oell eyale uas determinedfrom FCM

(Helm and Crm, 1973). Cellswere dispersedby trypaintreatmentand,

subsequently, stainedwith the fluorescentdye, mithramyain(~issman, ~

g., 1977). The DNA aontent of ●aeh sell was detonninedfrca Its

mithramyainfluoreaaence(KraemeretQ., 1972). Fraationsof cells in G,,

S, and G2 plus 11were canputedby the method of ban and Jett (1974).

Isolationand Amino Aaid Analyses of H1°.

HistoriesH? and Hl” were axtraatedfrcazblendedCHOoeUs with 0.83 PI

HC104 (PCA) by the firstmethod of Johns (1964) as previouslydescribed

(GurlayO&a~., 1975). A fraationenriahalin H1° was isolatedby step-

gradientchromatographyon BioORex 70 ion exohangeresin (DtAnnaQ d.,

1980b). Hl” fiaationa,Hl”a afidHl”b, also were separatedby BioORex70

ion exahtngechromatographyin Wiuh the proteinswere eluted uith a

shallowgradientof guanidinohydroahlaride(8-14X)in 0.10 H phosphate

buffer. Gambined*aationa were desalted in G-25 ●nd aonaentratedby

lyophillzatlonas deaaribedprevloualy(D’Annaet Q., 19SOb).

Amino aoid analyaeawere perfomnedwith a Baalman/Spinao1208modified

autunatioan41yzQrusl~ standardproaadures(SpaalananQ Q., 1958).

Hydrolyaiawas oarrledout in oonstant-boiling HC1 ●t llO°C for 22 hr in

sealed evaouated tubes.
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Electrophoreais.

Eleotrophoresisof Hl” and PCA extractedroteins was performedIn 0.5

x 25 UB, 5.2% aceticsaid-2.5 H urea-15%~lyacrylanide gels (Panyimand

Chalkley,1969b)as previouslydescribed(Gurleyet al., 1978a). Gels were

stainedovernightin 0.2% amido blaok-30Zmathanol-5%aaetia acid and

destainedby diffusion. Densitometerprofilesof analyticalgels were

measurd with a GilfordModel 240 speotrophotaaeterequippd with a gel

linear transportdevise and differentH1° and HI bands were resolved

electronicallywith a hpont lbdel 310 curve resolver.

Radlo-labeled historieswere separatedby eleotrophoresis.~ey WO?Q

then analyzedby optioaldensitaaetryand by scintillationspectl’anetry.

Afterdensitometrythe gels were out into 2.2 IMEpiecesand dissolved

overnightin 1.0 ❑l 301 hydrogenperoxide(55-60°C). They were count~ in

15 ❑l of AquasolII or Hydroflwr (DtAnna et al., 1980a).

RESULTS

&o Enhancementand Cell Cycle EffeotsInduoedby Butyrate

Butyrntetreatmentgreatly increases the proportionof G, oells in

oulture (Raatland Swetly, 1978:Fcllon and COX, 1979:DIAnnaet al.,——

1980a;Prugnellet al., 1980). This can be seen in Fig. 1 where the——

poroentagosof CHO 0011s in differentphasesof the oell oyole are plotted

as funotionsof butyrateoonaentration. In those experiments,

exponentiallygrowing oulturesware treated for 24 hr with different

oonoentra:ionsof butymte, and their oell oyole distributionswere

determinedby flow oytometry. The prowrtion of G, cells in oulture (Fig.

1) inoreaaessharplym a fumtion of butyrateOonoentrationup to about

2.5 ❑H, above ~ioh all of the values ara within5% of one another. At
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7.5-15❑lfthere is very littleculturegrouth after 24 hr m that the

culturesare

Uhen bm

esaantiallyi~ a state of G, arrest (DfAnna6t 61., 1980a).

exauinedthe perchloricacid-extractadproteinsfrom

butyrate-trsatedcultures in long acid-ureapolyaarylanidegels (Fig. 2),

wa observd two ma Inent effects: (1) first,in going frcxo0-15 mPl

but~ate there uas a change in the distributionof H1 species whose

eiaatrophoretio mobilities (and other data) indicate a dephosphorylation of

histone HI (DtAnna et al., 1980a);and (2) there uas an increasein the

relativ~intensityof a set of bands that migrates in front of histone H1.

Althoughthe electrephoretic❑abilitiesof these bands and their doublet

eharaeter(Varrlochioet al., 1977) suggestedthat they were relatedto

histaneHl” (Penyim and Chalkley,1969) and to proteinIP25 (Keppel●t al.,

1$77, 1979:Candldoet al., 1978),we had no proof of the identityof the

bands, so w originallydesignat- thau as the but~ata-enhanced protein,

BEP. For reasonsdeaignatad below, in this ❑anuscriptue have designated

than as CHO Hl”.

Plotsof the percentageof unphosphorylatedHI (D’Anna et a., 1980a)

snd the ratio of the integratedintensityof H1° to that of HI (Fig. 3)

show that bath variablesincrease as a funationof butyrateconcentration.

Canpmrlson of eaah vafiable with the percentageof calls in G, indicates

that the increesad~reentage of unphosphorylatadH? is correlatedwith an

lnareasedproportionof cells in G,: however,there is no direct

oorreapondenaebetwen the inoreanein the Hl”/Hlratio and the percentage

of CO1lS in G,. Nevertheless, the inoreaaedH1°/Hl ratio in the G,

arrestedoulturesraises a nunborof questions. (1) Does Hl” induction

preoadeG, ●rrest so that Hl” plays a role In the turn+ff of cell

proliferation? (2) Is the enhanaedsynthesisof H1° determinedsolely by
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the point of G, arrest indwed by butymte tre6tment? (3) Does butyrate

treabnent enhance Hl” synthe~i~thro~hout the cell cycla so that the

enhancement of H1° in G, cells is seen only becausecells become arrested

there?

Hhile we cannot yet answr all of the above questionsexplicitly,we

have b~un m unravels~a aspeots of the problao. (1) Uhen calls are

arrested In G, by fsoleuoine deprivation, the H1°/Hlratio increases from

0.08 in exponentiallygroqwlngculturesto O.15 after 60 hr in Isoleucine

deficientmadi- (J. A. DCAnna ~ Q. unpublished). Ua, therefare,see a

of cells arrestedin G, by

synthesis(J. A. D’Anna~

butyrate(15 mM) to cultures

hr) causes the H1°/Hl ratio to

unpublished). The value of

mall increasein H1° which appears b be strictlya cell cycle effect.

(2) In ddition, hokmer, butyratetreatment

Isoleucinedeprivafiioncauses ~ditional H?”

~., unpublished). For exmple, additionof

arrestedin G, by i=le~l.ne deprivation(36

increaseb 0.37 after24 hr (DtAnna et~.,

0.37 Is 2.5 times as large as the ratio of 0.1 measuredj.nthe absenoeof

butyrate(6o hr). (3) Uhen cells are releasedfrom isoleucinedeprivation

inti freshF-10 medlun containing15 ❑Flbutyrate,the cells tforthe most

par’t (85%), remain In G, and the H1°/Hlratio increasesto about 0.47. It

appears,therefore,that (a) the pointof G, arrest inducedby butyrateis

the same or later in G, than arrest induoedby isolaucinedeprivation,and

(b) cells do not have co pasa throughS phase in the pre~enceof %:mate to
.

accumulatein G,. We note that autoradiographyin which very high levels

of high specificaotivity[3H] thy’uldineare auployedshous that treatient

with butyratetruly arrestscells in G, and not in early S phase as with

hydroxyurea(Welterset al. , 1976). More detailedstudiesof Hl” induction——

are in progress.
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Amino Acid Analysisof CHO Hl”; Comparisonwith Hl”s From Other Species

To detetmine if ‘CHO HIOW might be the equivalentof cti.,.lung H?”

(the only H1° whose amino acid compositionhad been reported),We isolated

the butyrate-enhanaedproteinby guanldinehydrochloridestep gradient

chromatographyon Blo”Rex70 ion exchange resin (DFArma~ Q., 1980a).

About 1.1mg of CHO H1° was purifiedfrom 8.8 mg of PCA extractedproteins

from butyrate-treatedaultures~ich typicallycontain80-901 G, cells and

are 4-5 fold ●nriehedin H1°. Further,about 0.17 mg of CHO H1° was

is61aCed from 10 mg of PCA-extraatedproteinsfrom culturesmich were

synchronouslyenriched (65-70%)in metaphasecells (no butyrate present).

~ectrophoresisof 111°from G1-enrichedand from metaphase.enriched

culturesin sodiuudc~deoylsulfate (NeDodS04)gels gives rise b single

bands of identicalelectrophoretic❑obility (DrAnnaetQ., 1980b). From

ccsnparlsonof the electrophoretiemobfiityof H1° with those of other

hiatones,we estimatea loleaular wight of 20-22,000or about 1500 less

than histoneHI.

In contrastto single bands in NalMdSOU gels, electrophoresisin 25 cm

acid-urea-polyacrylaanidegels shows strikingdifferencesbetueen the two

preparations(Fig. 41. H1° from the G, enriched,butyrate-treatedcultures

exhibitstwo ❑ajor bands as w wuld expect fran Fig. 2; hc~wever,H1° frcnn

metaphase-enrichedculturesis split into ~ix bands. Qridri, the

multiplebands of’H1° fraumetaphase-~nrioh~culturesmay arise for a

nunber of reasons: (1) H1° from metaphasecells may contain impuritiesnoc

extraotadfromG, cultures:(2) H1° ❑ay be modifiedduring mites?.sso that

its eleotrophoretic❑obility is retardedin aoid-urea-polyaorylamidegels:

or (3) CHO H1° reallymay be an HI degradationproduotso that the ❑ultiple

bands of H1° from ❑etaphasecells are degradationproductsof
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phosphor ylated H1. As we shall see, CHO Ii’l”{s trulydistinct from histone

HI, and it is phosphorylatedin a cell cyclo dependent fashion uhich mimics

that of authetic histone HI.

In ddition to the isolationof tiole CHO HI (D IAnna et al., 1980a) ,

w wcently have separated CHOH1 from G1-enriahed(butyrate-treated)

oultures into two fraotions by ume of guanidine hydrochloridegradient

chraatography on BioQRex 70 ion exchaogeresin (J. A. D~Anna●nd R. R.

Becker,unpublished). lhe tuo fractionshave been designated as HIOa

(slower❑igratingband in gel 2 of Fig. 4) and HIOb (fastermigrating band

in gel 2 of Fig. 4) in accwdance uith the precedentof ~ith and Jahns

(1980),and their anino acid analyses are given in Table I. Comparisonof

the anlno said analyaesof CHO H1° with those of bovine liver H1° (Smith

and Johns, 1980), mouse neuroblastma H1° (Pehrsonand Qle, 1980), ●nd
(Pamyimand~d~ey, 1969)

calf lmg H1A in Table I indicatesthat all the HI*s possesscommon

featuresuhioh distinguishthem fra hiatcn~HI: (1) they contain 10-13%

less alu~inethan HI; (2) they oontain❑ore taoleuoineand less leuaine

than H1: (3) they Pontainmore trosines and phenylalaninesthan Hl: and

(4)

the

the

H1°

they contain histidine, but H1 doss cot.

Exeninationof the enino aoid analysesin Table I also suggeststhat

~asenoe of mathioninemay be variablein H1° from differentspeaies:

analysis of CHOHIOb exhibitsonly u traoeof methionin~and calf lung

ham none. Althoughonly a traae of methioninela deteotedin the ~~a

uold analysis of CHO HIOb, ayanogenbranidatreatment(Gross and Witkop

1962)and eleatrophoratia●nalyais (Fig. 5) shoua that both Hl”a and Hl”b

●re aleavadwith equal faaility. Other experiments(D’Anna et al., 1980b)——

have ehoun that ayanogonbranidealemveaabout 20 resid~s fran the Hl”s of

both G1-enriohedand metaphase-enriohedcultures,but it does not aleave

9



Ustone ill. Iherefore,c~nogen bromidetreatmentindicstesthat: (1)

methionineis truiy presentin both CHOHIOa and CHO Hl”b: (2) Hl” cannat

be an HI degradationFodmt: and (3) H1° from Cl-enrichedand frm

metaphas~enriohd cultures●re very likely the sme protein.

Phosph*teIncorporation into C’HOH1°

[3%] Phosphateincorporationinto H1° has been measured from

preparativegel eleutrophorosis(DiAnnaet ●l., 1980b),an+dfiioalgel

eleotrophoresis(D’Annuet al., 1980a,b),●nd Bio”Rex70 chranatography

(Gurleyet al., 1975: J. A. D~Annaand R. R. Mcker, unpublished). Figme

6 sk- exaupl~sof 32P phosphateInoorpration into H1° as dotenninedfrcm

long analyticalacid-urea-~lyaorylanidegel electrophoreais. Although

,me 32P phosphateis Incorparattiinto H1° and HI frca cells arrestedin

G, (80-90%)by butmste treatment,the relativephosphateincorporationis

only ●bout 10Z of that ❑easural for exponentiallygrowingcultmes. In tile

32P] phosphateis inoorprated intoexponentiallygrowingoulturos❑ost [

barxis3-5 of Hl” and in batis 2-5 of histonoHI.

In ❑etaphaseenriahedoultures(Fig. 60), large Prtions of both HI

and Hl” are shiftedb positionsof lower eleotrophoretia❑obility,and th~

more slowly❑igratingbinds are aooanpaniedby phosphateinaor~ration.

Sinoetho saaleof phosphatoincorporationin Fig. 60 is oEly 1/4 of thoa~

in Fig. 6a and 6b, it is olear that tha n-t phosphateinoor~ration is ❑mh

higher in the metaphmse-anriohedoultures. Bastion thesa exporimonts●nd

others (D’Annmet al., 19Pdb),w. oonaltiethat histone H1° beocxnes——

phosphoryl,atalad that phoaphatoincorporationretardsits eleotrophorotio

mobilityin said-uraa-polyaaryl-id~gels,

Furtherdetailsof HI phoaphatoi~laorpormtionhavo bo~n obtainod frcr,

reexaminationof the H1 phoaphorylationstudiesof GurleyQ Q. (1975).
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In those experiments, Me-Rex 70 chraaatographyuaa wed W ex=lne

phosphateincorporationInti the PCA-extrmtai proteinsfra synahronized

Cm dells. Cunpxrisonof the Rio”Rex 70 chrcmatogrms of Gurloy et al.——

(1975)with more resentdata (J. A. D’Anna●nd R. R. Booker,mpublishad)

Indiaatesthat the fFautionsoriginallydesignated●s H1(III)and H1(IV)

are reallythe respectiveHl” fraotionsHIOa ●nd Hi%. ‘(lIophosphato

incorporationstudiesof GurlQy et ●l. (1975) aonfirmour results from——

analyticalad preparativegol eleatrophoresis(DtAnna, 1980a,b), am they

add severalpieaesof &iditionalInfomnation. (1) Little or no ~osphate

is Inoorporattiinto HIOa or HI% in cultures●rrested in G, by isoleuine

deprivation: this result is tha samo as km observedfor aolls ar?ested in

G, by treatmentwith butmate. (2) Both HIOa ●nd Hl%

phosphatefoilouingrelaascfrm G, arrest (isoltuoino

henam, it ●ppears that ths ptmaphorylationof H ~“aand

phosphorylationof HI(I) and H1(III, bagins in lata G,

Inaorporato[32P]

dofioi~ntmedim) :

Hi%, liko

prior to DNA

synthoslsand inoreasosthroughoutintorphaa.. (3) Both HIOa ●nd HIOb ●re

phosphorylated●t simfiarrates,and

beam~ phoaphorylatad●re similarb

those of Hi(I) and H1(II): (1) *@n

fromG1-arr~st,about 10-151of HIO~

tho fiaoticnsof Hl”a ●nd HIOb *iah

ona ●nothor but smouhat 1.ss than

synahronizadaultureaarc roleaaed

and Hl”b [15-18Sof HI(I) and H1(II)]

boacmo phosphorylatedjust mlor to tho ●ppearnnaoof S phase 0011s in

aulturo; (2) by 8 hr after raloaao from G, arrest,Won 50$ of tho aolla

●r. in S phass, 30-35$ of HIOa ●nd HIOb ~50-60Sof Hi(I) and H1(II)]boom.

phosphorylatad.

H1° PhoaphorylationDuring Entry and Exit from Mitosis

Boa-us.of the s~ilaritios botwoonHla and H1 phoophato

Incorporation,we wnderod if cho detailsof H?” phoaphorylatim during

11



entry and exit of CO1lS fi~ ❑itosiswre the same as thoso of histone

Previoussttiies frau ow laboratory (GurloyQ Q.., 1978mlhmve show

by late inter~as- 5540% of all HI moleau,les beoae @oaphorylmted at

HI.

that

1-3

Sitoa. Wing mitosis all HI ❑oleoulosbeam. Wsuperphosphorylatedw at 4-6

sit-s per moleoult,and tho Superphosphorylationis restrictedto thosa

stagesof mitoais=~ophase, motaphase,●nd ●naphmse--~~re ahr~s=es •r~

msximallyaondensd.

To ocm~ro ahangoa in H1° phoaphorylationuith ahngoa in ahromatin

atruoturo,w exaind .Ieotronaiorographs●ml mpublishd regionsof

dwitaxet.r ~oflloa Wioh proviouolyhad been usti to study H1

phoaphc-ylation(Gurlcy●t al. , 1379a). For stuiios involvingentry Into

mitosis.0011S -r. synohronixednow the G1/S bomdary by soquantialuaa

of isolowino deprivationad hydroxyuroabloakado. TII@yuoro then

reloaaedinto drug freemedim. and, for hours later, Ulo-id was added

to arroattho o-118 in motaphmso.

Cellshaving 4 typos of ohrmatin struatur,swero observedby

miorosaopy(Gul. Y ●t al. , 197a~): (1) a~lls having mall mnounts——

●leotron

of

hot~roahramtin loaatednow tic peripharyof tho nwlouu (intor@mso

0011s), (2) aolla having❑any 100i of h~toroohraatin Intorsporsod

throughouttho nuol,us(~opraphuso QQ1lS), (3) 0011s having fully

oondonsul ohr~amos brithinan intaotnualomrmabrano (prophaaoaclls),

and (4) 0011s havtig f~llyoondonsedahrao~oa fro. in tho ciytoplmn

(amtaphaao0011s)● Thoseahraatin struaturosand ahangos in their

distributionhavo boon reported(GurloyQ Q., 1978a) and till not b.

For ou PWPOSOS, tha fomturoef intorootfrm thoao data

mu motmphaaoOQ1lS do not appour unp.il 7 hr ●fter relc~ao

bloakado.
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Figme 7 shorn exmples of densitometerprofilesof H1° from long

aald-ure~pal yaaryl~lcio gels follouingreleasa frauhydroxyureablockwie.

Ihring the early part of the ex~riment , H1° is fomd almostexclusivelyin

bar%is1-4: hOWOVOr,at 7.0-7.5hr. H1° bagina ‘d •p~ar in bands S-7 as

well, and the ~o~rtion of HI0 in those bands oontlnuasto inoreaaewith

time. To determinoif the ●p~aranoo of Hl” in ‘Jands5-7, lik~ H1

suparphosphorylation, uaa correlatedwith ohraao~mal o~ndenaation(Gurley

et al., 1978a),~ho paraentagooi total Hl” in ba~a S-7 (Hl~)was plotted.—

●s ● funotionof tiinc after foleaaeII’M hydrox~ea 3100kade(Fig. 8). On

th~ s~a figure,w plott.dtho P@re,ntugesof sup@rpksphorylattiHI (HIH)

●nd the parciontmgeaof QO1lS in pro~aso plusmetaphase. lhe agreament

botwoenall thrm sots of data indioatasthat phasphorylationof H1° to Hl~

is temporallycorrelatedulth HI sup~rphoaphorylation ●nd uith ohrmosomal

oondonsation.

To ●x-in. H1° phosphorylationdwing exit from❑itosis,0011S were

s’ynahronizdby rnitotiosoloationin the ●bsonco of tilaarid(GurloyQ

+., lg78a). till OYO1O travorsawas then monitoredat varioustirnosafter

rnitotiosoleotionby eluatronmiorosaopy,and the ●xtant of Hl”

phosphorylationwas dotonuinadfrom ansl~is of long

said-urea-polyaaryl-idogels.

Elwtron miQr0800pyrcvoalsfom twos of ahromatinstruaturosdvirlg

●xit ma Inibais: (1) OQ1lS !Iavlngfully aondonm! ohrcmoamnaafro. in

tho oytoplaam(motaphasoand tmaphmaooells), (2) 0011s having partially

Unravold ohraosm~a in oontaatuith or fullysurroundedby nualomr

mmbra,lo(●arly talophaso0011s), (3) 0011shavingdens. patoh~sof

h~toroahraatin in th~ nuolauabut no ohrcmoamoa (lato tolophaaoaolls),

●nd (4) t:fpioalintor~aao aclls. EX-P1OS of th~ao ahromatinstruaturos

13



and ahanges in their distributionduring exit frcnumitosis also have been

reported(Gurleyet al., 1978a). Ma note that, by 30 ❑inutes after mitotic.—

seleation,more than 90S of the cells have progressedfran ❑etaphaseand

anaphaseh telophmao●mi Cl.

Flgme 9 show exmpla of tho Hl” densitometerprofilesat v.uious

timoa ●ftm ❑itotia seleotion. Hl” in ba~s 5-7 (HIM)beaanes :~hifc~ baex

to b~d positions14. PlotJof H?;, HIH, ●nd the percentageof cells in

❑etaphasuplus snaphamaas funotiansof tim after ❑itotia seleotion(Fig.

10) al= exhibitgood agreemant. U. tharoforecon~lulethat tho preseIaa

of 111~ is correlatedwith H1 suparphoaphorylation●m ulth the presenaoof

fully aondenstiahromomcmosdining❑otaphaaoand anaphase. It follow that

as aalls exit fia mitosis,Ylj. liko HIM, boacmesdephosphorylatednear

th~ anaphase/telophaaatransition.

If w aaaumcthat tho KI@SithfI of n Phosphatagroups till retard

tho eloatrophorotiamobilityof an Hl” ❑oleouleby n banu positionsin Fig.

7 ●nd 9 (s.. ~alkloy ●t al., 1974;D’Anna at ●l., 1980b), then, by us. of——

the profiloof MphosphorylatedH1° from G, OO1lS as m roforenao(Fig. 9),

w ~an ●atimato tho ●xt@nb of H1° phoaphorylationin late intar@ as. and

duringmitosis.

U aolls sppro~ahmitosis (lat@ intor~aso),phosphorylationof 30-35Z

of Ill”aand of HIOb (batia 2 and 3 in tho G, profilo of Fig. 9) ●t on. sit.

~r ❑oleauloor tho phoaphorylationof 301 of HIOb (band2 in tho G,

profil~ of Fig. 9) at tw sites por ❑oleaulc wuld aaaount for tha patt~rn

soon at 6 hours after r~loaaofrau hydroxyur~abloakado(Fig. 7).

Baoauaoit has boon sham tt.at Hlaa and HI% bcaano phoaphorylatad●t

simtiarrntos (Gurloyat #l., 1975;J. A. D’Annaand R. R. 8eakar,——

unpublish~d), w oonaludothat by lat. intorphmsc30-35S,●mah, of tho Hl”a

14



and Hl”b ❑olacdes become phoaphorylatedso that tb,eycontainone phosphate

per ❑oleaule.

Caaparisonof the eleatro~oretio patternof H1° frm cells arrested

in G, uith the patternof Hl” frcmsells❑itotioallysgleotedin the

presenoeof blcemid (Fig. 9) Indiaatosthat ❑ost H1° is shifted frca bands

positions2 and 3 in GI to bad ~sitiona 6 ●nd 7 in motaphas=nriohed

oultures. W., therefore,estimatethat dining mitosisall H1° molauules

beoae phosphorylatd = that they oontain 4 phtlsphatosper moleoule.

DISCUSSION

H1° Compositionand Funotion..—

Comparisonof the =Ino said anmlynesof “HIOW ROM CHO 0011S, bovine

liver.neuroblastcmaaelis, and oalf lung Indioatesthat they 811 have a

sim~ar oom~sition ~ioh distinguishesthem horn histonaH1. TIIusfar,

mothioninahas been d~tooted in all mmualian H1°s ●xoept Hl” fra oalf

lmg. W@ have soon, houevor,that ❑othioninoappearedonly in trsoe

quantitiesin the ~ino ●oid analysisof CHO HIOb. In this regard it Ia

pasaiblothat m~thioninealso is presentin oalf lung HIO, but it baoamo

oxidizd during repcattiahranatographyof purification(PanyLn ●nd

~mlkl~y, 1969a)or dwing hydrolysisfor anino aoid analysis.

TMO H1° fraotions,Hl”a and Hi%, hwv@ boon isolatedfrca

butyrato-troatod(G,-arreated)CHO 0011s and Nom bovin, liver (With and

Johns, 1980). HIOa and Hl% fraa th~ao tua ~uruoa havo essentiallytho

same anino aoid oompaition; they wsaoaa tho sama .l@atrophor@tiamobility

in NaDodSOUgola: ati they are both aloavalby aynnoganbranido. Hl”a ●nd

Hl”b are, navcrthaloss,soparablaby ohrornatsgraphyon BiooRax70 ion

exahanggresin and by oleatrophoresisin long aoid-urea-polyaoryl-ide
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gels, so that the tuo fraotionsappear to differ by the equivalentof one

chargo unit in 52 acetio aoid (DIAnna et al., 1980b).——

Presently,the difference bet~en Hl”a and HIOb fraationshas not

been reealvad. It is know, howwar, that: (1) both HIOa and Hl% are

unphosphorylated in butyrata-treutad Cm oells: (2) kth i?l”a and HIOb from

bovino liver ●ro blookd in their NH2-tuminal end (With ●nd John, 1980);

and (3) naithorHIOa nor Hi”b Ran bovine liver ●ppears to contain

diphoaphoriboayl❑oitioa (~ith and Johns, 1980). Although,tryptio

peptido❑aps of bovine HIOa and HIOb exhibitonly minor differences(With

●nd Johns, 1980}th~ existonooof cw H1° fiaationa(exaluiing

phospahorylation)raises tho possibilitythat there exist ●t least two

Subsatsuf ahrauatinstructuresinvolvingH1°.

Very rooantly,~ith et al. (1980) havo reportodthe partial ~quenae

of 20 -Ino aolds of bovim liver HIOa beginning●t mothionino,uhioh they

estimatois loaatad@3C rosid~s fra tho NH2-teminal ●j. r~parison of

the partialsaquonaoof HIOa with residues32-52 in ahiohcl H5 and residues

45-65 in bovino H1 aho~ homologybotuaon 12 rwsidus of El”a and ohiokon

HS, but cnly 7 botw~onHIOa ●nd bavint H1. (T7W0 Is also hanologybetween

7 of tho 20 rosidus in ahiakan H5 and bovlno HI). AlthoudhH5 and Hld

differ significant.lyin lysino and argininooontont,soquonaostwiiea and

tronda In HS ampsltion botwaonbirds, fish, ●nd rgptilga have led Smith

●t Q1.,~198@ti suggoatthat “AvianH5 and ruuumalianH1° possiblyrepresent

tw ●xtr@ruosof s famtiy of protoins*iah share similarstructuresin

thair eontralregions.”

W. notd that aimilaritioain tho pro~rtios botwon CHO H1° and IP25

led ua to speaulatothat CHO H1° and IP25❑ight b~ equivalentprotoina

(D~Annaet ●l., 1980b). Roaontinformation,howaver,ina:aat~athat this——
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is not the case.While Hl” and 1P
25

may ultimatelybe shobm to belong to

the sane fauilyof proteins,t::eamino auid analysisof IP25 (R. Reeves,

personalcomumication) show that 1P contains13.5 mole Z danicm, 3.3
21.4 mole % lyainis

mole z.argilllm,but only .A .,indicatingthat Itts caa~siticn is

inte~aliate bet-en those of HI and H5.

There is only limits!infonuationregardingH1° enhanoa!?cnt;however,

the availabledata indioatethat synthesisof HIO, like synthesi. ,f H5 (Appels

and WaUs, 1970; Ruiz-Canfllo ~ Q. , 1976) ad HMG procai.ns(KJJahl,1979),

can oaaw in the absanoeof DNA synthesis. Aa noted in the Introduction,

sttiiesof H1° levelsduring pnnareasregeneration(Marsh and Fitzgerald,

19’73)Indioatethat H1° does not begin to return to pretreatmentlavels

utfl after DNA synthesishas oeaaed. Our own data indicatethat H1° oan

b. grsatlyenhanoadin G, when 0011s arrestedin G, ara troatoduith

butyrataor when aalls are releaa- fran Isoleucinodeprivation(Gl ●rrest)

into 15 ❑tlbutwato (Mere they remainbloakedat the same or a later point

in G,). Therefore,it is alesr that H1° synthesisam oaour in Cl-arrested

oells.

Other reoant reportsIndiaatottiat:(1) H1° booamesenhanoedin

nonpamissivo temperature*@r@ DNA synthesisis blookad (Naha●nd

Sorrentino,1980); (2) H1° boocmoaenhanod in KIOUSOncuroblaatcmaOQ1lS

grobm in tho abaanoeof serum and in ‘donaityinhibited”Hab a,lla

(Pehrson●nd ~lo, 1980);mnd (3) “Hlom (more likely IP25) synthesis

oontinuaaunabated*on Friendaolls w. u-sated 15 minut-swith

hydroxyurea(Zlatanova, 1980).

Wa do not as Yet know whothar:(1) Hl” ?;’nthoaisnormallyoaaurs in G,

of proliferatingOQ1lS or in othw phauoaof the aall oyale ●s WC1l: (2)
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,, .,,

Hl” can bs enhanciedin S, G2 ur Ii by treatmentby butyrate:or (3) there

are ❑adulatlo,isin the call~larcanton?.of Hl” during the oell cycle of

untreatedctiturea.

The invur~ relationshipbet~en Hl” ou[ltentand DNA synthesis(and

cell division)has 1* M u nmber of hypothesesby tiich ahanges in H1°

aontentmight bc diraatlyrclatadb abangesahromatifistrwture and

funotion. (1) Marsh and Fitzgerald(1973)have suggestedH1° ❑ay SONO a

repressorfunationand that its removalor deoreauemay be ● necessary

preludeG? the onset Q: BNA sjnthesis. (2! ?wriaahio (1977)has suggested

that Hl” may ba involvedin scu~ final condensationof ahromatin. (3)

KeppalAt. (1979)have suggestedthat the proteinIP25 may play a role

aithor in th smondary st.:mtureof ahromatinor in the turnoffof genes

not requird for the final jxast-ropliaa’tiivestagesof erythroid

differentiation. lhe sociondhypothesisof lkppel et ●l. (1979)might be—,—

brodmd bY apply h differentiationin general●nd to the ❑aintenanceof

G, arrest. Uhilo all of these hypoth~sesare plausible,eventualdetailed

explanations❑ust also aoaountfor the great variabilityof Hl” uontant in

proliferating,as Mll as, nonprol.i.feratingsells (Harks et al., 1975).

Currently,l,ittlois known ~bout the rmoleoularproportieaof Hl” and

its Intaraotiorldin ah.ramatin.T~ th~ aonfo~ation of Hl” in solution

similarh) tho nos-head-tail ❑odels of H1 and H5 (Hartznan●t ●l., 1977;

Avfleset ●l., 1978)? Is Hl”, like HI and H5, looatedon the outside af

the 140 DNA base pair-innerhistone~oro of nuoleosanos(so. Simpson,

1978)? Dooa Hl”, Ilk. H1 ●nd H5, prof,r~ntiallybind U superholioalDNA

(Vogeland Sing@r, 1975;Eina-Stein●t al., 1976)? ~es Hl” also clause.—

oompacitionof oligonualao~mw into salonoid-likestruaturaa(Finah and

Kluu, 1976)7 SinCl@tho parLialseqwnae of Hl” suggests that it is a



homologof H5, which itself is regard&las a variantof HI (Yaguchiet al.,——

1979: Isenberg,1979),w kmuld expectthe answerof all these questions‘so

be ‘yes.w Thus far, Kappelet al. (1979)have reportedthat IP25,like ~!l

and H5, is attaahai primarfiyto Internucleoscmalspaoor DNA.
1P25

does

not appear,howver, to b. loaated ~.ntransariptionallya~Zive regionsof

chranatin. Answersb thesa questionsfor the aloselyrelatedHl”a of

Table I have not been reported.

co Pho8phorylation.

Our studios(D’Annaet al., 1980a,b:Gurleyet al .Athisaoutmmication)—— .—

indiaatethat histonoHl” is phos~horylatedin a sell cycle dependent

fashion. When cells are arrestedin G, by isoleucinedeprivationor by

treati.nt with butyrata,littleor no phosphateis inaorpxated into Hl”.

As oells are rel~asedfrcaG, arrest, Hl” boaauesphoephorylatedin late

G,, and phoaphorylationaontinuesthroughoutS and G2. By late interphase,

30-35Sof the Hl”a and Hl”b ❑oleaulesbeaome phosphorylatedso that they

containan astimatminno phosphateper rmoleaule.

An sells entermitosis,all Hl” moleoulesbeaome highly phosphorylated

so that they oontain an estlmatwl four phophatesper rnoleaule(HIM);the

oaawenae of HIM is toruporallycorrelatedwith ohromosomalaondensntionat

prophaae,metaphase,and snmphaso. Aa oells exit franmitosis Hl” is

rapidlyde~osphorylawd near the anophase/telophasobomdary.

Tanporally,the aoll ayale dependentphoaphorylationsof CHO Hl” are

identioalto those of histone Hl; howver, we do not know (1) the sites of

Hl” phosphorylation:(2) the ~ino aaids uhioh ●re phoaphorylated,nor (3)

tho regionmlloaationaof phosphorylationin Hl”. In CHO Hl,

phosphorylationaIn differentparts of the rnoleouleaan be correlateduith

distinotphasesof tho sell OYO1O (Hotnnann,1978;Gurley, 1978a,b). In
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iate G,, followingrelease ficnnG, arrest,a portionof the HI molacules

becaae phospharylatedat a serine locatedin the COOH-teminal part

(relativeto tyrosine73) of the moleoule. As cells enter S phase, HI

becmes phosphorylatedat tw additional

that by late Inturphmse55-602 of the HI

Dlring mito3is, all H1 ❑olalculesbecae

sites in the COOH-terminalpsrt so

moleculescontain 1-3 phosphates.

phosphorylatd at ~ditional sites

uhioh involveserineand threoninein both their hX2-~ C~H- terminal

parta.

mr only informationpertainingto the locationof phosphorylationin

H1° involvesphosphorylationduring mitosis (HloH). Previouscyanogen

brmide cleavageexperiments(D’AnnaetQ., 1980b)indicatethat most or

all of the 4 phosphatesof HIM are located

remainsafter aleavageof approximately2C

(1980) find ❑ethioninein the NH2-terminal

estimatethat at least 3, and possiblyall

looatalin the large fragnentwhich begins

and continuesb the CCOH-terminusof H1°.

in the large fragmentwhich

residues. Since 9nith et al.

end of bovine l:ver HIO, we

4, of the phosphatesof HIM are

at ❑ethionine(residue20-30)

W note that Harsh and Fitzgerald(1973)have measured aoetate

inaorparationinto rat panareasHIJ. In experimentsdesignedto monitor

aoatate incorporationinto the inner histories(D’AnnaeJ Q., 1980a),we

obsarva!littleor no eoetmteIncorporationinto H1° (J. A. D’Anna at al.,

unpublishedobs~nations). me levelsobaervd were rnuahless than those

measured for mcdifiedspeaiesof inner histories,and, at moat, the levels

ucre similarh those obsemed for histoneH1 whose NH2-taminal is bloaked

by an aaetvlgroup *iah does nor turn over (Dixonet al., 1977). Sinae

the NH2-terminal of H1° is blaaked (9nithand Johns, 1980),it also may be

bloakedby an aaetylgroup that does not turn over. ti the other hand, if
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acetate is incorporatedinto Hl” in such a WY that it can turn over, then

ow esttiatesof H1° phosphorylationwill be high. Thoseestimateswuld

then becme, in fact, estimatesof totalmodificationswhich alter H1°

charge.

Temporalcorrelationsof H1 pho~phoi-ylation~uith the cell c~le have

led to suggestionsthat HI phmphorylation ❑ay play a role in initiationof

cell proliferation,~A synthesis,separationof newly synthesizeddaughter

chranosaaesduri~ the cell aycle, and chromoaomalcondenaatlou(sacMarks

197*
et al., 1973; Gurley~ Q .,41978a,b: Hohmann,1978:Matthew and

Wadbwy, 1978: D’Anna ●t al., ‘ ’79for exte,~sivelistsof references)..—

Since histoneH1° appearspm be a variarltof the H1 classof proteins,and

since It Is phosphorylatedin a cell cyole dependentfashionwhich mimics

that of histone HI, it seems reasonableb ~stulate that Lhe

phosphorylationsof H1 and H1° serve the sme funatians(@~ateverthat may

be) in chromatin.

A nuaber of ❑echanismshave been suggestedby which HI phosphorylation

might alter chranatinstructure.:(1) H1 phosphorylationmay itiucechanges

in HI cunfonnation~ich could ~J.ter the orientationof nualeosornesand

higherorders of chranatinstruature;(2) phosphorylation❑ay induceH1:H1

interactions*ich aould effeotchromosomalaondensatlon;(3) H1

phosphorylationmay alter H1 interactionwith DNA to cause (a) oanpaatlon

of chromatinor (b) loaalizedchanges in accessibilityto DNA; (4) HI

phosphorylationmay modulateinteractionof HI uith other ahranomual

proteins(seeGurley et al., 1978a,b, Hobann, 1978; hlatthe=and Er’adbury,——

1978 and D~Anna et al. 1979 for references).——

Of several physicalstudiesemplo@ng ~osphorylated histone HI (see

t4attheuaand 8radbmy, 1978; D’Anna et al., 1979; Mff’htin et al. , 1980.—
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for references)w are”auareof anly 3 which have employedHI

phosphorylated in VIVO fran synohroninzd cultue or HI phosphorylated&——

vitro by a “grouthassociated Hnase whose HI phosphorylationsites also

have been detested in VIVO (1.angan, 1973). Che of these studies (D’Anna et—— —

~., 1979) indicatesthat: (1) plmsphorylationdoes not affect the

sensitivityof HI faldi.~or the net secondary structureof tho foldedHI

❑olacula in solution;(2) it does not induce H1441 interactionin solution;

and (3) it does not greatlyaffeot the sudimontatiofipropertieso!’

H1-superhelioalDNA complexesin solution. ~osphorylation,houever,does
(D’Ama~ al., 1979)

dffect (“) ti~sciruular dlchroi~ of H1-superhelialDNA a~plexe~A; ~ che

extent 31 HI binding ti supl~rheliaalDN.5at low ionic strength(Singer●nd

Singer, 1978)

and Bradbury,

Although

and (3) the turbidityof Pi-lin’arDtiAcanplexes (Matthews

1978).

the nwlel stsdiesfocus attentionupon the ability af HI

phosphorylationti alter 51-DN\ interactions,the moleaulareffectsof HI

phosphorylatiocin chromatin ‘emainunresolk.d. Pnrt of the difficultyhas

been teohnical. For exanple,❑ost H1 moleculesbeccmeasphosphorylated

during the isolationoi chromatinand chromo~mes (see Curley et al., 1981)~.—

therefore,It has not been passibleti canparethe propertiesof fully

phosphorylatedchromatinor chromatinsubunitsuith those of their

unphosphorylatdcounterparts. Resent reports(e.g. Simpson,1978:

StrHtling,1979; tiffroanet al., !980),however,suggestthat it may bc——

possibleto replaaeunphosphorylatedH1 uith pnosphorylatediilin

oligonualeosomea,nuoleornues,and chromato~mes. Hence, in the near

future,w ar~tlaipatosignificantadvances in thi~ area.
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TABLE I

Anino Acid Analyses of CHG HIOa and HI%: $a!parisonwith bovine Hl”a and
HIOb,mouse neuroblastomaHI*, calf lung HI and CHO histone HI(I).

Aax

Thr

Ser

Glx

Pro

G1y

Ala

Cys

Val

Met

Ile

Leu

Tyr

Phe

Lys

Hia

Arg

CH8
H1 a—-

3.9

5.9

7.6

4.9

9*7

3.5

1400

0.0

5.5

0.3

2.9

2.0

1.3

0.9

32.6

1.5

3.4

CH(J
H1 b—.

4.6

5.7

8.?

5.9

7.7

5.6

14.1

0.0

5.5

trace

3.1

2.5

1.2

1.4

29.9

100

3.8

& Livera
HIOa—.

393

6.7

9.3

5.4

7*8

4.4

14.2

0.0

5.7

0.4

2.6

2.3

103

1.2

31.1

1.0

3.1

B. Livera
HIOb—.

3.2

6.6

9.4

5.3

7.2

4.0

13,6

0.0

5.7

0.4

2.5

2.0

1.5

1.3

32.7

1.0

3.2

M. N.b
H1°

399

5.4

9.1

6.1

8.2

4.3

16.6

0.0

6.5

0.7

2.4

2.1

0.8

0.9

28.8

0.5

393

C. Lu~gc
HI——

3.3

7.7

a.s

4.2

9.4

4.3

16.8

0.0

5.2

0.0

1.9

2.1

1.1

0.9

31.1

0.6

2.6

CHO
HI(I)

2.2

5.3

7.0

3.6

9.4

6.6

27.0

0.0

5.6

O*O

1.0

4.5

0.6

0.6

24.5

0.0

2.2

●Bovineliver (9nithand JGhns, 1980)

bMouse neuroblaatoma (Pehrson and Cole, 1980)

‘Calf iung (Panyimand Chalkley,1969a)
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FIGURE LEGENDS

Fig. 1. Cell=eycle analysis of CHOcultures treated for 24 hr with various

concentrations of sodiua butyrate. Percentageof cells in G,

(*), percentageof cells in S ( ● ), and percentageof cells in

G2 +?4 ( A ) were determinalby FCM.

Fig. 2. El*trOPh0r@Si3 (long acid-urea-polyacrylanidegels) of the PCA-

extraatedproteinsfhu cultures grown for 24 hr in the presence

of differentconcentrationsof sodiunbutyrate. From left to

righ~the concentrationof butyrateis O, 1.0, 2.5, 5.0, 7.5, 10.0

and 15 m14. The marker bands (M) are calf thymus histoneHI which

was loaded4 hr prior to the CHO PCA extract.

Fig. 3. Percentageof unphosphorylatedH?( o), the ratio of the

0 to Hl(● ), and the pementage ofintegratedabsorbanceof H1

cells in G, (c))plotted as funationsof butyrate concentration.

The percentagesof cells in G, were determinedficm FCM analyses

at the time of harvest (see Fig. 1), Lines are drawn throughthe

pm!entages of unphosphorylatedHI and the ratio, H1°/Hl.

Fig. 4. Long said-urea-polyacrylanlde gel eleotrophoresis of whole H1°

purifiedby BioORex70 chromatography(DfAnnaet al., 1980b): (1)

major PCA-extraatedproteinsfrom G1-enriahed,butyrate-treated

oultures;(2) purifiedH1° from G1-enriohed,butyrate-treated

a~ltures;(3)major PCA-extraotedproteinsfrommetaphase-enriahed

34



cultures:(4) purifiedH1° frommetaphase-enrichedcultures.

Direotionof protein❑igrationIs

Fig. 5. Long acid-urea-palyacrylamide gel

(1) before and (2) after cleavage

Directionof proteinmigrationis

Fig. 6. 3~-Phosphate incorporation( & )

electrophoresisin long (0.5 x 25

fran top to bottcanof gels.

electraphoresisof H?”a and HIOb

with eyanogenbranide.

frac tap to bottom.

into Hl” and Hl, determined fr~

UII) acid-urea.pol~crylanide

gels: (a) the major PCA-extraetedproteinsfrom butyrate-treated

(80-90% G,) cultures: (b) the major PCA-extractadproteinsfrom

exponentiallygrowingcultures:(c) the major PCA-extracted

proteins&cm culturessynchronously-enrichedin metaphasecells.

All cultureswere labeledwith 3H-lysine( o ) for several

32p04 before harvest.generationsand then labeled for 1 hr with H3

The directionof migrationis from left to right. Nunberson the

absaiasasimplyidentifybands for comparison.

Fig. 7. Densitometer profilesfran long acid-uree-polyamylanidegels of

Hl” Iwlatd ksn cells at varioustimes after release ticm

hydroxyureabloakage. M refers to H1° extraotedfrctaa oulture

enrlahed(90%) in metaphase cells by mitotia seleationin the

presenceof Coloanid. Dlreationofmlgration is from left to

right, Numberson the abaaissa Imply identifybands for

cmnparisono (Reprinted from D’Annae& a~., 1980b,with permission

of Biochemistry.)

35



,.

Fig. 8. Qrrelation of H1° mitotic phosphorylation(0 ,Hloi4)with HI

mitotic phosphorylation(4, H1M), and chranosunal cOnd@nsatiOn

during entrance of cells into mitosis. me percentage of HIM and

the percentage of cells in propl!aseplusrnetaphase(O ) are taken

frcm Fig. 6 of Gurleyet Q. (1978a). me line is drawn through

tue percentageof cells in prophaseplus metaphase.

Fig. 9. Ibnsitometerprofilesfkom long (0.5 x 25 cm) electrophoreticgels

of H1° isolat~ fran cells at various times after❑itotis

selection. M refers to Hl” extractedfrom a cultureenriched

(90%) in metaphasecellsbymitotic selectionin the presenceof

Cblcanid. G1 rafers b H1° extractedfrom a culture arrestedin

Cl by isoleucinedeprivation. Directionof migrationis from left

to right. Humbers in the abscissa simply identifybands for

canparison. (Reprintedfrca C?Anna et al., lg80b with permission

from Biochemistry.)

Fig. 10. Correlationof the dephosphorylationof HIOM ( ● ) with the

dephosphorylationof HIM ( A ) and the exit of cells from

anaphase. me percentageof HIM and the percentageof cells in

metaphaseplus amphase ( o ) are taken from Figure 12 of Gurley

et al. (1978a), Since each sell in metaphaseand anaphasegives——

rlso to tw cells in telophaseand G,, the numberof cells in

telophaaeand G, was div~ded by two to correct the percentageof

cells to a aomon mass basis with metaphaseand anaphasecalls.

Ihe line iu drawn throughthe percentageof uells in mataphase

plus anaphasa.
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